Abstract-This paper presents an optimization model for antenna selection and deployment in ceiling mounted, single and multi-cell RFID systems. The proposed model utilises a three-dimensional (3D) antenna radiation pattern, taking into consideration of both antenna half power beam width and downtilt angle. Specifically, we have analysed the effects of cell structures on detection probability in single-cell operation and signal-to-interference ratio (SIR) in multi-cell scenario. Four cell structures have been studied, namely, triangular cells, conventional rectangular cells, offset rectangular cells and hexagonal cells. Several design examples are also presented to show how to use this model to find the optimal configuration to cover the maximum area with a minimum number of antennas for a single cell scenario, as well as the trade-offs that have to be made to achieve a reasonable SIR in multi-cell operation. We believe this optimization model provides new insights into the optimal deployment of single and multi-cell RFID systems.
I. INTRODUCTION Radio-frequency identification (RFID) technology has received increasing research interests due to its huge potential in asset tracking and supply chain management. The most promising feature of this technique is its capability to identify an object from a distance, whereas traditional bar-code techniques only allow an item to be detected within a short distance under line-of-sight (LOS) conditions [1] . There are mainly two links in passive RFID systems, namely, forward link and backscattered link. The forward link is to power up passive RFID tags and send inventory commands, while in the backscattered link, tags reflect the reader signal modulated with its unique identifier.
To enable RFID coverage in large areas, such as supermarkets, libraries and airports, multiple readers are required to form a multi-cell RFID system (similar to cellular radio). In such scenarios reader antennas are usually separately mounted on the ceilings and connected to the reader via SMA or TNC cables, instead of being embedded in the RFID portal system as widely used in RFID authentication. However, when multiple readers are running simultaneously there may be performance degradation due to interference. Interference can occur in both the forward link and the backscattered link, causing reader-to-tag interference (R-T interference) and reader-to-reader interference (R-R interference), respectively [2] .
Substantial research has been conducted to analyse the interference effect on tag detection [3]- [5] and to solve reader collision problems. R-R interference can be significantly reduced by frequency hopping [6] , dense reader mode (DRM) operation [7] , or using listen before talk (LBT) [8] . However, these solutions are not able to reject R-T interference since tags have no frequency selectivity [9] . In order to mitigate R-T interference, adaptive power control and probabilistic power control have been proposed to dynamically adjust the output power of dense RFID readers and hence achieve an acceptable forward link signal-to-noise ratio (SIR) [10] . Other alternatives based on time scheduling schemes include round-robin scheduling [11] , genetic algorithms and swarm intelligence [12] , ARNS-Adaptive RFID Network Scheduling scheme [13] and self-learning hierarchical control nodes [14] . However, these approaches require perfect synchronization among all readers, which is difficult to achieve for a large network consisting of a huge number of readers [9] .
The above studies mainly consider using complicated algorithms to mitigate interference effect from adjacent readers. However, few have investigated the effects of antenna selection and cell deployment on tag detection probability and coverage area [15] . In [15] cellular deployment of RFID readers has been studied but only hexagonal cells using a single omnidirectional antenna placed at the centre of each cell are simulated. This is rarely the case in practical deployments since current commercial RFID readers often use directional antennas due to the higher EIRP allowable for antennas with < 90 degree beamwidth. Similarly, the RFID cell planning problem has been studied in [16] , which uses a minimum deployment cost function to optimize the antenna positions in a rectangular multi-cell scenario. However, the proposed model is purely mathematical without considering the physical properties such as antenna radiation lobes, tag sensitivity, transmitting power level, etc.
In this paper, we propose a 3D optimization model for antenna selection and cell deployment in a single and multi-cell RFID system. The optimization problem is defined as covering a certain area with a certain probability of detecting a tag at a random location within the area (e.g.,99.9%) using a minimum number of antennas. By analysing the effects of antenna downtilt angle, half power beamwidth and cell structure on tag detection probability and signal-to-interference ratio (SIR), we can find the optimal antenna selection and cell arrangement strategy based on design specifications. Several design examples have also been presented to demonstrate the feasibility of this model. To the best of our knowledge, this is the first work that provides an optimization strategy based on antenna selection and cell arrangement using modelling of a 3D multi-cell RFID system. The paper is organized as follows. Section II proposes a comprehensive 3D mathematical modelling of a single and multi-cell RFID system. Simulation results and optimization strategies are presented in Section III. Finally, Section IV concludes the paper.
II. MODELLING OF SINGLE AND MULTI-CELL RFID SYSTEM

A. Modelling of single-cell RFID system
A reasonable approximation of the 3D radiation pattern of a single directional antenna can be modelled as:
(1) (2) where is the gain pattern of the transmitting reader antenna, is the maximum gain of the main lobe and is the maximum gain of the backlobe, is the angle between the tag direction and the maximum gain direction of the Tx antenna, and is the downtilt angle of the Tx antenna as shown in Figure 1 . is a calibration parameter which determines the antenna half power (3dB) beamwidth. and are the horizontal and vertical half power beamwidth, respectively. An example of the effects of the half power beamwidth on the radiation lobe is shown in Figure 2 . The relationship between x and the antenna half power beamwidth is found by scanning x and calculating its corresponding beamwidth. The obtained curve can then be fitted using the following equation with its parameters shown in Figure 3 . (3) where a=148.7, b=-0.084, c=15.25, d=-0.023 It can be seen from the plots that the root mean square error (RMSE) of the fitted equation is only 0.035 and therefore the fitted equation can be used to calculate required the calibration factor x accurately given a certain beamwidth.
The forward link power (power received by the tag) can be calculated according to Friis eqation. (4) where is the received power of a tag, is the transmitted power of the antenna and is the gain of the tag antenna. is the wavelength of the transmitted signal and is the distance between the transmitting antenna and the tag. PLF is polarization loss factor. Consider a Rician fading channel, the received forward link power can then be represented as: (5) where k is the Rician factor quantifying the ratio of the power of direct line-of-sight (LOS) and non-LOS components, and is a random number ranging from 0 to 2 , which represents the phase shift of the sum of the non-LOS components.
In a typical passive RFID system the forward link power is usually the factor which limits the tag reading range. Therefore, it is assumed that the reader can read a tag provided that the forward link power delivered to the tag is greater than the tag sensitivity. In addition, since the reader cycles through all Tx antennas one at a time, the forward link power delivered to tags at a specific position within a single-cell RFID system is effectively the maximum forward link power when the reader is cycling through all possible Tx antennas. Hence the forward link power delivered to the tag within the cell can be represented as: (6) where represents the transmitting antenna and is the total number of antennas in each cell.
is the total forward link power delivered to tags within the cell. The detection probability can therefore be defined as the area where forward link power is: (7) where is the sensitivity of the tag, is the area of a single cell and is the area inside the cell where forward link power is higher than tag sensitivity.
The maximum area of a single cell can be defined as the maximum cell area where is above certain reliability (e.g., 99.9% reliability).
( ) (8) Since each cell configuration might have different number of antennas, we also normalize its maximum area by defining the effective coverage per antenna as:
B. Modelling of multi-cell RFID system
The signal to interference ratio in a multi-cell RFID system is defined as the ratio of the forward link power delivered to the desired cell to that which comes from other neighboring cells. Since the signals from each interfering cell are incoherent, the total power of the interference signal can be regarded as the scalar sum of the power leakage into the desired cell from each neighboring cell. However, since the reader in each cell keeps cycling through all Tx antennas, the forward link power from the desired cell and the interfering cell will vary. Consider the best case when the interference signal from neighboring cells causes minimum interference at a particular location within the desired cell, the total interference power can then be represented as: (10) where is the number of interfering cells, is the forward link power leaked into the desired cell from interfering cell. Similarly, the worst case scenario is when all the interfering cells happen to cause maximum interference at a particular location within the desired cell and the total interference power in this case can be represented as: (11) For simplicity, we assume the average interference is the mean value between the best case and the worst case and hence the average interference power to the desired cell is: (12) As illustrated in II.A, the forward link power delivered to the desired cell can be represented as: (13) Therefore, the average signal to interference ratio in the desired cell is denoted as: (14) In a similar manner to the case of the power distribution in a single-cell, the SIR in the desired cell will also vary with tag position. To indicate the overall interference level we can use the average SIR in the desire cell:
The average SIR can then be used to measure the optimality of a cell arrangement in multi-cell operation.
III. RESULTS AND DISCUSSIONS
A. Effects of downtilt angle on detection probability
To investigate the impact of antenna downtilt angle (defined as the angle between the horizontal plane and the maximum gain direction of the antenna), we consider a rectangular cell where one antenna is placed at each corner. The detailed antenna and cell parameters are presented in Table I . The tag sensitivity of current UHF Gen2 RFID chips has been reported to range from -11 to -18dBm. Therefore it is assumed that tag sensitivity is -15dBm in the following simulation. The forward link power distribution for this single-cell can then be obtained from (6) and its detection probability can be calculated according to (7) . Figure 4 shows the power distribution of the rectangle for different downtilt angles. The area where forward link power is below tag sensitivity is shaded in black. It is clear that downtilt angle has a significant effect on tag detection probability. A downtilt angle of 45 results in a much better detection probability compared to that in the case of 70 or 90 . In addition, it is noted that a larger downtilt angle results in higher power projected to the tag plane closer to the antenna positions, although the total reading range is reduced because most areas are not covered by antenna main radiation lobe.
Next, we evaluate the variation of the tag detection probability with respect to antenna downtilt angle as illustrated in Figure 5 . As can be seen from the figure, the optimal downtilt angles are 45 , 50 and 55 when the antenna height is 3m, 3.5m and 5m, respectively. Another interesting result is that when the downtilt angle is 90 , the detection probability slightly increases when the antenna is raised from 3m to 4m, instead of dropping significantly as one would expect. This is because when an antenna is raised to a higher plane, the tag plane will be better aligned with antenna main radiation lobe (smaller deviation from the main lobe), and hence a larger effective gain. This compensates for the power loss introduced when Tx antenna is moved further away from the tag plane and therefore a similar detection probability is seen although antennas have been raised by 1m.
B. Optimization of single-cell RFID systems
In this section we analyse the performance of four cell configurations, namely, triangular cell, hexagonal cell, conventional rectangular cell and offset rectangular cell. In the first three configurations an antenna is placed at each corner facing towards the cell centre, whereas in the last configuration only two antennas are at the corners while the other two are placed at the centre of two edges. The above cell configurations are illustrated in Figure 6 , where the black arrows represent the antenna positions and their facing directions. The power distribution of these four cell configurations are calculated from (6) and illustrated in Figure 7 assuming the antenna half power beamwidth is 70 .
In order to evaluate the performance of each cell configuration, we compare their effective coverage area per antenna according to (8) and (9), where is set to 99.9% and the downtilt angle is set to . The other parameters are the same as those defined in Table I . To investigate how effective coverage per antenna will be affected by antenna half power beamwidth, we plotted the effective coverage per antenna of all four cell configurations with respect to antenna half power beamwidth. As shown in Figure 8 , when antenna beamwidth is small (from to ), the triangular cell has the maximum effective coverage per antenna compared with the other three cell configurations. This is because of the geometric feature of triangles, which only requires a smaller antenna beamwidth to effectively cover the whole triangular area. Conventional rectangular cells and offset rectangular cells perform similarly in this range, whereas hexagonal cells have the minimum effective coverage per antenna at all beamwidths. It is also noted that there is an abrupt drop of effective coverage when the antenna beamwidth reaches 90 . This is due to current regulation which limits the equivalent isotropic radiation power (EIRP) of an antenna to be 3 dB down when its beamwidth is above 90 . Beyond 90 the offset rectangular cell seems to outperform the other three configurations. A possible reason is that the offset rectangular configuration aims at minimising overlap among antenna radiation lobes to cover a large area, and a larger beamwidth might make it more effective.
Design examples in optimising single-cell RFID
In order to demonstrate how to use this model to optimize a single-cell RFID system, we proposed a design example Question:
Antennas are mounted at 3m high ceilings with downtilt angle and targeted tag plane is 1m. If we are able to choose any antenna types, which cell configuration can cover a maximum area with minimum number of antennas and what is the maximum area that it can cover with more 99.9% detection probability?
Solutions:
According to Figure 8 , the maximum effective coverage per antenna occurs when the conventional rectangular or offset rectangular cell is used with a antenna half power beamwidth. Hence we can select either a conventional rectangular or an offset rectangular cell as the optimal cell configuration in this case. The maximum cell area that it can cover can be calculated as . Therefore, according to the area formula for a rectangular cell the maximum length of each side of the rectangle is 7.4 .
C. Optimization of Multi-cell RFID system
To analyse how the above cell configurations perform in a multi-cell scenario, we consider the interfering signal from all neighbouring cells as shown in Figure 9 . DC represents the desired cell and IC represent interfering cell. The triangular cell pattern has 12 neighbouring cells, the rectangular cell pattern has 8 neighbouring cells, and hexagonal cell pattern has 6 neighbouring cells.
It is assumed that cells beyond nearest neighbours will produce negligible interference on the desired cell due to increasing path loss with distance. The average SIR of the cell configurations can then be calculated according to (15) . The simulation parameters are the same as those used in Section III except that the simulated cell area is the maximum area that it can cover with more than detection probability according to the results in Figure 8 . Figure 10 illustrates how the average SIR of the above cell configurations varies with antenna half power beamwidth. The results show that in general the average SIR of all cell configurations decreases as antenna half power beamwidth increases, although at some points there is a slight variation in the average SIR. This is expected since a larger beamwidth can result in more power leakage into the desired cell and hence the SIR will be reduced. It is also noted that when the antenna half power beamwidth is relatively small (from to ), the offset rectangular cell has the best SIR, whereas when it is above , the average SIR of hexagonal cell is significantly better compared with the other three configurations. The triangular cell, on the other hand, has the worst SIR regardless of the antenna half power beamwidth. This is because triangular cell has the largest number of neighbouring cells and interfering antennas (5 neighbouring interfering antennas compared to the 3 neighbouring interfering antennas in the conventional rectangular cell, 2 neighbouring interfering antennas in the hexagon cell and 1 neighbouring interfering antenna in offset rectangular cell).
Design example in optimising multi-cell RFID Similar to Section III, we also propose a design example to illustrate how to design cell arrangement for multi-cell RFID 
Solutions:
According to Figure 10 , when the antenna half power beamwidth is , the offset rectangular cell and the hexagon cell are the only two cell configurations with average SIR more than 15 dB. Therefore, we can select these two cell configurations as potential candidates. We then go back to Figure 8 . At beamwidth the offset rectangular cell has a better effective coverage per antenna (10 ) , and hence we can select this cell arrangement and the maximum area that it can cover with more 99.9% detection probability is 10 . Therefore the maximum length of each side of the rectangle is =6.3 .
D. Guide for practitioner
It should be noted that in order to use the above optimization model in a realistic scenario, the calibration of loss factor is required since the loss factor in a realistic scenario can be different from the parameters used in simulation due to impedance mismatch or multipath fading. To calibrate the loss factor one can move a tag in the maximum gain direction of the reader antenna until it cannot be detected with a certain detection rate (e.g. 99%). The measured maximum range can then be used to calibrate the loss factor used in the simulation.
IV. CONCLUSIONS
In this paper, we have proposed an optimization model for antenna selection and deployment in single and multi-cell RFID systems. A 3D analytical modelling of a single and multi-cell RFID system is presented with adjustable antenna beamwidth, downtilt angle and cell arrangement. It is found that the detection probability of a single-cell RFID system is highly sensitive to downtilt, and the optimal downtilt angle can vary with antenna height and tag height above the ground. In addition, we have compared the effective coverage per antenna of four possible cell arrangements in a single-cell scenario. It is found that triangular cell can cover the maximum area with a minimum number of antennas when the antenna beamwidth is small while an offset rectangular cell can cover the largest area at larger beamwidths. In contrast, when the above cell configurations form a multi-cell system, triangular cells have the worst average forward link SIR at all beamwidths while offset rectangular cells and hexagonal cells have the best SIR at small and large beamwidths, respectively. Therefore, there is a trade-off between maximising coverage area and achieving a reasonable SIR in multi-cell application. Finally, we have demonstrated the feasibility of the proposed optimization model through several design examples and provided guidance for practitioners. We believe that this model might be a useful tool in optimal antenna selection and cell deployment in a multi-cell RFID system. 
